The cardiac Ca V 1.2 calcium channel, a dihydropyridine-sensitive L-type channel, is widely expressed and is of functional importance for neurons, the cardiac myocytes (CMs), 2 and vascular and intestinal smooth muscle (1). Global and heart specific deletion of the Ca V 1.2 gene is embryonically lethal (2). Smooth muscle-specific deletion of the Ca V 1.2 channel leads to defects in blood pressure regulation (3), intestinal dysfunction (4), and death (5). In contrast to the cardiovascular system, deletion of the Ca V 1.2 channel in the CNS does not affect survival. However, its specific deletion affects learning processes in the hippocampus and in the lateral amygdala (6, 7).
The cardiac Ca V 1.2 calcium channel, a dihydropyridine-sensitive L-type channel, is widely expressed and is of functional importance for neurons, the cardiac myocytes (CMs), 2 and vascular and intestinal smooth muscle (1) . Global and heart specific deletion of the Ca V 1.2 gene is embryonically lethal (2) . Smooth muscle-specific deletion of the Ca V 1.2 channel leads to defects in blood pressure regulation (3), intestinal dysfunction (4), and death (5) . In contrast to the cardiovascular system, deletion of the Ca V 1.2 channel in the CNS does not affect survival. However, its specific deletion affects learning processes in the hippocampus and in the lateral amygdala (6, 7) .
Voltage-dependent opening of the Ca V 1.2 channel facilitates greatly Ca 2ϩ entry into CMs and triggers thereby opening of ryanodine receptors to initiate muscle contraction. Two mechanisms allow closing of the channel, namely a Ca 2ϩ -and a voltage-dependent process. Ca 2ϩ -dependent inactivation is mediated by the carboxyl terminus of the channel (CCt). There is excellent evidence that modifications at the CCt affect significantly the inactivation of the channel (8 -15) . Cardiac Ca V 1.2 channels are modulated by CaM and CaM kinase II (CaM-KII). Voltage-dependent facilitation of the channel requires in vitro and in vivo the CaM-KII dependent phosphorylation of Ser-1512 and Ser-1570 (16, 17) . In addition, binding of CaM to the IQ motif located in the CCt is essential for Ca 2ϩ -dependent inhibition and facilitation of the channel (8, 10, 18, 19) .
The distal CCt of the Ca V 1.2 channel (amino acids 1642-2143) has been reported to translocate to the nucleus and to modulate the transcription of several genes (20) . Cleavage of the channel at residue 1623 does not result in a functional channel protein (21) . However, proteolytic cleavage of the channel at residue 1821 (22) yields a functional channel and an inhibitory molecule of 35 kDa (23) . At present it is not clear, if the proteolytic processing of the C terminus of Ca V 1.2 is a regulated or tonic event and which processes control translocation of CCt to the nucleus. Nuclear location increased with low cytosolic [Ca 2ϩ ] and decreased with increasing cytosolic [Ca 2ϩ ], i.e. with activation of the truncated Ca V 1.2 channel (20) . In neurons, the CCt regulates the expression of a number of genes (20) , whereas in CMs, the truncated CCt (amino acids 1906 -2171) caused an 80% decrease of the Ca V 1.2 promoter activity (23) . Furthermore, proteolysis of the Ca V 1.2 protein appears to be important to observe cAMP kinase-dependent regulation of the channel (15) . In tsA-201 cells, coexpression of a rabbit Ca V 1.2a-1800stop channel together with the proteolytically derived CCt of the Ca V 1.2 was essential to observe a cAMP kinase-induced positive inotropic effect (15) . On the other hand, a cAMP kinase-dependent regulation of the Ca V 1.2a channel was reported, when a Ca V 1.2-1905stop construct was expressed in HEK293 cells together with the Ca V ␤2 subunit (24) but not when co-expressed in guinea pig CMs (25) .
Together, these reports supported the notion that proteolysis of the CCt of Ca V 1.2 may be a necessary step to allow precise regulation of this channel by voltage, Ca 2ϩ , transcription, and hormones. It is possible that some of the regulatory effects require formation of higher complexes (12, 15, 26) that are not formed in some expression studies. However, it is unclear (i) at which site the CCt is proteolytically cleaved in the living mouse and (ii) whether the proteolytically derived CCt is relevant for the living mouse. Recently, it was reported that truncation of the murine Ca V 1.2 gene at Gly-1796 resulted in premature death around birth (27) . Here, we truncated the murine Ca V 1.2 gene at Asp-1904 because expression studies in tsA-201 cells showed that the corresponding truncated Ca V 1.2 channel lead to an increased I Ba (14, 28) and allowed cAMP-dependent phosphorylation of the Ca V ␤2 subunit accompanied by an up-regulation of I Ba (24) . In contrast to the results with expressed channel constructs, the homozygous Ca V 1. 
EXPERIMENTAL PROCEDURES
All substances used were of the highest purity available. The Ca V 1.2-specific antibody used in this study has been described previously (3) 
RESULTS
Three stop codons were introduced in frame in the CACNA1C gene directly after aspartate 1904 corresponding to serine 1905 in the rabbit sequence (Fig. 1A) ). The mutation in the Stop mice was confirmed by genomic sequencing (Fig. 1B) . Homozygous Stop mice developed up to birth in Mendelian ratio but died thereafter (Fig. 1C) . Western blot analysis of E18 hearts with an antibody specific for the Ca V 1.2 protein detected similar protein levels in WT/WT and WT/Stop hearts (Fig. 1D ), but almost no Ca V 1.2 protein in the Stop/Stop hearts. The Stop mutation had no effect on the cardiac expression level of the Ca V 1.3, sodium calcium exchanger 1, ␣ actinin, MAP kinase and phospho-MAPK (Fig. 1D) . Inspection of the ductus Botalli showed an open bypass 10 -12 min after birth and a regular closure of the bypass 60 min after birth (supplemental Fig. 1) . In contrast to hearts from mice in which the Ca V 1.2 channel was truncated at Gly-1796 (27), E18.5 Stop-hearts had an unaltered cardiac size (Fig. 1E ) and normal septum thickness (Fig. 1F ) indicative of normal blood pressure during feto-and embryogenesis.
The postpartum death of the Stop mice was caused by a massive reduction of the L-type calcium current in isolated ventricular CMs. Isolated CMs were identified by the presence of a voltage-dependent I Na ( Fig. 2A) . L-type I Ba was recorded after I Na was eliminated by a prepulse to Ϫ40 mV. I Ba was further identified as L-type current by its inhibition by isradipine. The I-V relation of I Ba was identical to that of a Ca V 1.2 channel expressed in a heterologous system with a maximum inward current at 0 mV and a reversal potential ϳ60 mV (Fig. 2B) . The current density dropped from the WT/WT to the Stop/Stop CMs from Ϫ80 pA/pF to Ϫ20 pA/pF, respectively (Fig. 2B ). As already reported for Ca V 1.2 knock-out mice (2), the beating frequency was not affected in hearts isolated on E15.5 (supplemental Fig. 2 ), supporting the notion that Ca V 1.2 is not required for normal beating frequency at this embryonic stage but is needed for further development after this stage. In agreement with a previous report (30) , WT/WT and WT/Stop pups up-regulated their beating frequency from ϳ150 to 300 beats/ min, whereas the Stop/Stop pups were unable to up-regulate the beating frequency after birth (Fig. 2, C and D) . Furthermore, Stop/Stop pups developed arrhythmia after birth (Fig. 2C ). As expected from the low density of the I Ba , the force of contraction (F c ) was severely reduced in the ventricular muscle of the Stop mice (Fig. 2 , E and F). These results support the notion that, in contrast to expressed channels (14, 24, 28) , truncation of the murine Ca V 1.2 channel at Asp-1904 reduces severely the density of the cardiac Ca V 1.2 protein (Fig. 1D ) and the density of current carried by the Ca V 1.2 channel in murine CMs (Fig.  2B) .
Two major isoforms of the Ca V 1.2 channel exists, named HK1 and LK1 (31) (32) (33) or, alternatively, Ca V 1.2a and Ca V 1.2b (34) , which are alternatively spliced from the same Ca V 1.2 channel gene and are 95% identical. Consequently, truncation of the Ca V 1.2 channel gene at Asp-1904 should lead to two truncated isoforms, HK1
D1904stop and LK1
D1904stop
. The HK1 channel is predominantly expressed in CMs, whereas the LK1 channel is mainly expressed in the vascular smooth muscle but not in the CMs (29, 31 ). Therefore, we tested the possible different expression of the respective truncated isoforms in the Stop/Stop embryos. For this purpose, we divided the embryos into three parts, the heart, the brain, and a pooled sample that contained various smooth muscle tissues from the remaining body. Western blots of these body regions of WT/WT and Stop/Stop E18.5 embryos indicated a dramatic decrease of the Ca V 1.2
D1904Stop protein in heart but no obvious decrease in the smooth muscle sample (Fig. 3) . This result supports the notion (27) with the Ca V ␤2a and the Ca V ␣2-1 subunits. The HK1 channel is expressed in rat and mouse heart (31, 35) , whereas the LK1 channel is predominantly expressed in smooth muscle (31, 33) . HK1 differs from LK1 at the amino terminus, the IS6 and IVS3 transmembrane segments, and lacks exon 9 that is incorporated in the I-II loop (32) . For comparison, the channel construct LK4 was also used, which contained the amino-terminal sequence of the LK1 channel on the HK1 backbone (Fig. 4A ) , and ␤-actin in hearts from WT (ϩ/ϩ) and Stop/Stop E18.5 embryos. Hearts were isolated from individual embryos and processed as described under "Experimental Procedures." 20 g protein was loaded per gel slot. Western blot technique and antibodies are described under "Experimental Procedures." The blot is representative for three very similar blots. E, cardiac circumferences were measured in paraffin section of E18.5 hearts. F, the thickness of the cardiac septum was measured in paraffin section of E18.5 hearts. The number of embryos/ animals analyzed is shown in the columns. Genotype was analyses by PCR. For more information, see "Experimental Procedures." (31) . The HK1, LK1, and LK4 sequences were truncated at Ser-1905, which correspond to Asp-1904 (Fig. 4, B and C) and showed a reduced staining for Ca V 1.2 channel protein in immunocytochemical and Western analysis (supplemental Fig. 3) . Surprisingly, HEK cells transfected with the LK1 stop as well as with the LK4 stop channel showed a robust I Ba that was not different to the I Ba recorded in HEK cells transfected with full-length LK1 (Fig. 4, D and E (Fig.  5) , confirming the electrophysiological data.
Next, we investigated the reason for the low expression and I Ba of the Ca V 1.2 channel in the Stop/Stop CM and in the HEK293 cells transfected with the HK1 stop channel. Recently, it has been suggested that the Ca V ␤ subunit masks an endoplasmic reticulum retention signal on the Ca V 1.2 channel that allows ubiquitination followed by proteasomal degradation of the translated protein (36 -38) . Therefore, we tested whether or not inhibition of intracellular proteolysis affected the expression of the HK1 stop channel. HEK293 cells were transfected with the HK1 and HK1 stop constructs. Thereafter, cells were cultured in the absence or presence of the known proteasome inhibitors bortezomib (10 M) or lactacystinϩMG132 (10 M each). Western blots revealed a significant increase in the expression of the HK1 stop protein (Fig. 6, A and B) and a 3-fold increase in I Ba in cells transfected with the HK1 stop channel by the proteasome inhibitors (Fig. 6, C and D) . The proteasome inhibitors had no effect on the protein expression or I Ba of cells transfected with the full-length HK1 construct (Fig. 6, A-D) . The bortezomib increased I Ba was completely blocked by the dihydropyridine isradipine, supporting the notion that bortezomib prevented proteasomal degradation of the HK1 stop channel. The combination of bortezomib and lactacystinϩ MG132 increased I Ba to the same extent as bortezomib alone, suggesting that inhibition of the proteasomal pathway rescues partially the expression of the HK1 stop channel. We next tested the possibility that the same mechanism operated in the embryonic CMs. CMs were isolated from hearts of WT/WT, WT/Stop, and Stop/Stop E18.5 embryos. These CMs were then cultured in the absence or presence of bortezomib. The proteasome inhibitor doubled I Ba of Stop/Stop CMs but had no effect on the I Ba of the WT/WT and WT/Stop CMs (Fig. 6F) 
DISCUSSION
There is strong evidence that the CCt modulates many essential functions of the Ca V 1.2 channel in cell culture expression studies (8 -15, 24) . However, it is not clear which of the ex vivo observed effects are still present in the living mouse. We intro- duced three stop codons after Asp-1904 in the murine Ca V 1.2 gene because previous reports suggested that cAMP kinase-dependent regulation of the Ca V 1.2 channel required truncation of the CCt (15, 22, 24) . In agreement with these results, we expected an increased current density in CMs of Stop mice. However, the analysis of this mouse line showed that the Stop mice die early after delivery because they express very low concentrations of the Ca V 1.2 D1904Stop channel. These channel concentrations are too low to support the physiological up-regulation of the heart frequency and contraction after birth (30) . Further analysis suggested that most of the truncated channel protein is ubiquinated and degraded during transport in the proteasome (36 -38) . Inhibition of proteasomal degradation by three independent proteasome inhibitors rescued the trun- cated channel protein and I Ba in cell expression experiments and in the CMs of the Stop mice. We did not anticipate a complete recovery in these experiments because the inhibitors were present for a short time when compared with the expression time of the wild type channel.
Further analysis suggested that the expression of Ca V 1.2
D1904Stop channel depends on the "backbone" of the channel, i.e. whether it contains the amino terminus from the long (exon 1a) cardiac isoform or the shorter (exon1b) smooth muscle isoform. Previously, it was already shown (31) that constructs with the long cardiac amino terminus expressed very poorly in HEK293 cells. An interaction of the amino terminus with the I-II loop, the Ca V ␤ subunit and the CCt has been proposed by several groups (39 -41). These groups reported that the amino terminus affects channel inactivation but has no effect on channel density. Similar data have been reported for the carboxyl terminus. The sequence between 2024 and 2171 contains an inhibitory sequence (28) that binds to sequences between 1474 and 1694 (42, 43) . We speculate that binding of the inhibitory sequence to the proximal CCt prevents ubiquitination followed by degradation. Truncation of the distal CCt in the stop mouse removed the shield preventing ubiquitination, which was relevant for the cardiac isoform (HK1). Apparently, the short amino terminus of the smooth muscle Ca V 1.2 isoform (LK1) induces a conformational shift of the truncated carboxyl terminus that prevents ubiquitination. This consideration is supported by results of Dascal's group (41) that mutation of the long amino terminus affects modulation of the Ca V 1.2 channel by PK-C without changing a PK-C phosphorylation site.
The results imply that carboxyl-terminal truncation of the Ca V 1.2 channel leads to channel degradation, if the cardiac exon 1a is used. Similar results have been reported by Fu and colleagues (27) . These researchers reported a low expression of the cardiomyocyte Ca V 1.2 channel but a normal or high expression of the smooth muscle channel leading to vascular hypertension and cardiac hypertrophy (27) . From the work of other groups (29, 31, 32, 35) , we can anticipate that cardiomyocytes express the long exon 1a and smooth muscle the short exon 1b. This interpretation suggests that, in our mouse line and the mouse line used by Fu and colleagues (27) , the death around birth was caused by the poor expression of the truncated channel in cardiac muscle in which the cardiac isoform of the Ca V 1.2 channel containing the cardiac exon 1a prevails.
Therefore, in vivo truncation of the channel protein (20, 22, 24, 28) should occur in cardiac muscle after the channel has been incorporated into the plasma membrane. cAMP kinasedependent modulation of the channel may occur, if the cleaved distal carboxyl terminus stays with the remaining channel protein (15) . This scenario makes it unlikely that the cleaved CCt migrates at the same time to the nucleus because this would allow cAMP kinase-dependent regulation of the channel only, if the mechanism proposed by Hosey's group (24) , phosphorylation of the Ca V ␤2 subunit, is valid. At present, we can only speculate on the process allowing cAMP-dependent up-regulation of the native I Ca . It is clear from this and other work (27) that truncation of the Ca V 1.2 channel will lead to degradation of the translated protein before it is inserted in the membrane and to death of the newborn mice.
In conclusion, the results show clearly that prediction of the in vivo regulation of the Ca V 1.2 channel from in vitro results is difficult and requires consideration of the tissue-specific expression of the channel splice variant. Cell Preparation -Embryonic ventricular myocytes were isolated as described in (2) . 
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Experimental Procedures
Generation of
Preparation of samples for SDS gel electrophoresis and Western blots -Samples were
prepared with 2% SDS in 50mM Tris, pH7.5, at 95°C for 15min. For electrophoresis 4x Lämmli buffer containing DTT was added to the samples. They were heated for another 5 minutes and then applied to the SDS PAGE or stored at -80°C. Samples were separated on 8% or 6% SDS PAGE as described in (3) . Western blots and antibodies were described in (4) . Separation between WT and stop Ca v 1.2 channel was only observed after electrophoresis in 6% SDS PAGE's.
